Abstract. The uptake of sulfur dioxide (SO2) on synthetic sea salt (SSS) and its components, NaC1 and MgCI2o6H20, was studied at 298 K using a Knudsen cell interfaced to a quadrupole mass spectrometer. Significant uptake on dried salts was not observed, placing upper limits on the uptake coefficients, ¾, of < 1 x 10-4 for NaCI, < 5 x 10-4 for MgC12-6H20, and < 8 x 10-5 for SSS. However, SSS and MgCI2o6H20 that had not been dried before use showed significant uptake of SO2. The magnitude of the uptake depended strongly on the exposure time and the amount of water desorbing. Initially, the measured uptake coefficients for SO2 on SSS were as high as 0.09, but they rapidly decreased below 10-2 with a t-l/2 dependence as expected for approach to the equilibrium saturation concentration in an aqueous solution. The decreasing uptake coefficient slowly approaches zero over hours, consistent with reactions in a water layer with species such as CaCO3. The products of the reaction were shown by diffuse reflectance IR Fourier transform spectroscopy (DRIFTS) to include low solubility metal sulfites. These studies show that uptake of SO2 on sea salt particles, even below their deliquescence/effiuorescence points, can be treated as if it is into an aqueous salt solution.
Introduction
Sulfur dioxide (SO2) in the marine boundary layer is oxidized in deliquesced sea salt aerosol with dissolved oxidants such as ozone and H202 to form S(VI) species Sievering et al., 1991 Sievering et al., , 1992 Sievering et al., , 1995 [Vogt et. al., 1996] . Field studies show that aged sea salt aerosol routinely has amounts of sulfate in excess of what would be expected for aerosol freshly generated from the ocean [e.g. Pszenny et al., 1990] . This is consistent with oxidation of S(IV) from the gas phase to S(VI) in the particles [Sievering et al., 1990 [Sievering et al., , 1995 . Atmospheric sulfate particles can affect climate globally [Lin et al., 1992 ; Raes and Van Dingenin, 1992, Finlayson-Pitts and Pitts, 2000], and are removed by wet and dry deposition, causing negative impacts on plant and animal life.
After gas phase transport to the surface, SO2 is taken up into the particle, which is initially described by mass accommodation. Continuous uptake is then controlled by its solubility and reactions of S(IV) species in the aqueous phase. Mass accommodation coefficients have been measured for SO2 on Copyright 2000 by the American Geophysical Union.
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0094-8276/00/1999GL011152505.00 water, but to our knowledge, not on sea salt either below or above its deliquescence/effiuorescence points. We report here experimental studies of the uptake of SO2 on powders of synthetic sea salt (SSS) and two of its major components, NaC1 and MgCI2-6H20, below their deliquescence points. We show that if these salt surfaces are free of large amounts of water, then no measurable uptake is observed. However, when SSS and MgCI2o6H20 have not been dried, significant uptake of SO2 is observed. Furthermore, a large initial uptake is followed by smaller, long-term uptake consistent with reaction in water associated with the salts to form relatively insoluble sulfites.
Experimental
Experiments were performed in a glass Knudsen cell with a movable lid for covering the sample and is described in detail elsewhere [Beichert and Finlayson-Pitts, 1996] . Reactant gases were introduced into the cell from a glass gas-handling manifold through a stainless steel needle valve coated with halocarbon wax (Halocarbon Products, Series 1500). The Knudsen cell was interfaced to a quadrupole mass spectrometer (ABB Extrel, 150-QC) through a removable glass aperture (diameters 3.9 or 5.8 ram). Ion current signals from the SO2 + and H20 + parent ions were obtained by phase sensitive detection and processed with a lock-in amplifier (EG&G, Model 5209) interfaced to a PC running data acquisition software (ABB Extrel, Merlin, rev. B).
In the Knudsen cell, reactant gas molecules can be lost through the small exit aperture or by uptake by the sample. A net uptake coefficient, ¾net, can be determined from the ratio of the effusive loss through the exit aperture to the loss on the surface. The measured uptake coefficient was derived from the relation:
Io is the steady-state reactant signal at the mass spectrometer with the surface covered, and lr is the reactant signal when the reactive surface is exposed to the gas. Asuroeis the reactive surface area taken to be the geometric surface area of the sample holder, 7.5 cm2, and Ahole is the area of the exit aperture.
The salts in these studies were obtained commercially: NaCI Knudsen cell was pumped to a base pressure on the order of mTorr with the salt sample uncovered. The salt was then covered and the cell was pumped further. When synthetic sea salt or MgCI2o6H2 ¸ that was not dried was subsequently uncovered, considerable amounts of water were released before exposure to SO2. After heating at 800 C under vacuum for 1-5 hours, the water signal reached a constant value. Sodium chloride holds much less water, so it could be rapidly pumped down to a constant (background) water signal with or without prior drying. Anhydrous SO2 (Matheson, 99.98%) was used as received. Diffuse Reflectance IR Fourier Transform Spectroscopy (DRIFTS) was used to probe for possible surface bound products of reaction on the salts [Griffiths and Fuller, 1982] . Fine SSS was prepared for DRIFTS studies by grinding in the Wig-L-Bug amalgamator for 3 minutes. Immediately after grinding, the salt was packed into a stainless steel cup (13 mm diameter, 2 mm height) using a device like that described by TeVrucht and Griffiths [1989] . Samples were exposed to SO2 gas in a small chamber equipped with ZnSe windows and placed within a SpectraTech "Collector" diffuse reflectance accessory. Mid-IR spectra were obtained at 4 cm-1 resolution on a Nicolet 740 FTIR spectrometer using a wide-band MCT detector.
Results
Initial experiments performed using dried salts showed no release of gas phase water from the surface and no net uptake of SO2. Upper limits on the uptake coefficients for SO2 on the dry salt powders were estimated by setting the change in intensity upon exposure equal to 3c• from a linear least squares fit to the unchanging reactant signal, Io, of an experiment for each salt. These upper limits are 1 x10-4 for NaCI, 5 x 10-4 for MgCI2o6H2 ¸, and 8 x 10-5 for SSS. In experiments using SSS or MgCI2'6H20 that was not dried prior to being put in the Knudsen cell, significant uptake of SO2 was seen for long times, in contrast to NaCI where there was no such uptake. A typical intensity-time profile for SO2 on SSS is shown in Figure 1 . When the lid is opened there is a sharp drop in the SO2 signal and an increase in the H20 signal. An estimate of the amount of water available during the first 300 s was derived by integrating the water signal. As seen in Table 1 "Aperture diameter for experiments 1-4 and 9-11 was 5.8 mm; for all others, 3.9 mm. "Determined assuming A.
•,,f = geometric surface area, supported by the fact that increasing the number of salt layers does not significantly increase the measured uptake. However, actual surface area of the water available for uptake is likely less, making measured values less than true values. "Number of particle layers estimated using density of NaC1 for SSS. a Error derived from linear least squares fit of signal calibration.
• Water was not monitored. f
This salt was pumped on, in the cell, overnight before expt., so no fast initial uptake observed. g MgC12-6H20 was used in expts. 12-13.
water is a dynamic system and hence such an approach is at best a semi-quantitative description of the average conditions during initial uptake of SO2. However, it is consistent with expectations for uptake into a liquid, rather than reaction with a solid surface, confirming the important role of water even for sea salt below its deliquescence/effiuorescence point.
Although the uptake levels off at low values after long exposure (Fig. 1) , it does not become zero as long as surface water is present. This is consistent with a slow reaction of S(IV) in the water layer. Sea salt is known to contain buffering species such as carbonates which can react with dissolved S(IV) [Sievering et al., , 1992 [Sievering et al., , 1995 
Conclusions
Uptake of sulfur dioxide on dry NaCI, synthetic sea salt, and MgCI2'6H20 is slow, with upper limits for the uptake coefficient of I x 10-4 for NaCI, 5 x 10-4 for MgCI2'6H20, and 8 x 10-5 for SSS. Significant uptake of SO2 occurs into water associated with synthetic sea salt and MgC12-6H20 which have not been dried. The uptake is due to the combination of dissolution and aqueous reaction. This behavior is similar to that which occurs in liquid atmospheric aerosols and is qualitatively consistent with a gasliquid interaction resistance model. The aqueous reaction forms sulfites in the surface adsorbed water layer that may precipitate out as relatively insoluble salts such as CaSO3. It is apparent that sea salt aerosol in the troposphere will contain enough water to behave like a liquid even at relative humidities below the deliquescence/effiuorescence points and hence uptake of SO2 may be treated in models as if particles have deliquesced, even under low relative humidity conditions.
